Abstract. Osteosarcoma (OS) is a primary malignant tumor of the bone, with a tendency to metastasize early. Despite the advances in treatment options, more than 30% of patients develop distant metastases, and the prognosis of these patients with metastases is extremely poor. Celastrol has been demonstrated to manifest multiple pharmacological activities, including induction of apoptosis in numerous types of cancer cell lines. Our previous studies have also suggested that Celastrol is capable of inducing apoptosis of human osteosarcoma cells via the mitochondrial-dependent pathway. The purpose of this study was to investigate the effects of Celastrol on the migration and invasion of human osteosarcoma U-2OS cells in vitro. Cell migration and invasion were investigated using wound healing and Boyden chamber Transwell assays. We observed that Celastrol suppressed cell invasion and migration in human osteosarcoma U-2OS cells. Furthermore, protein expression levels of phosphorylated phosphatidylinositol 3-kinase (PI3K), Akt, inhibitor of κB kinase α/β, inhibitor of κB α, nuclear factor-κB (NF-κB subunit p65) and matrix metallo proteinase (MMP)-2 and -9 were measured by western blot analysis. We observed that the PI3K/Akt/NF-κB signaling pathway was inhibited following Celastrol treatment. In addition, the expression levels of MMP-2 and -9 proteins were also reduced significantly following Celastrol treatment. Therefore, we confirmed that Celastrol suppressed osteosarcoma U-2OS cell metastasis via downregulation of the PI3K/Akt/NF-κB signaling pathway in vitro.
Introduction
Osteosarcoma is the most common primary malignant bone neoplasm in adolescents and young adults, and usually occurs in growing long bones such as the humerus, femur and tibia (1, 2) . It is a highly aggressive tumor that metastasizes primarily to the lung (3, 4) . The main cause of mortality in osteosarcoma is lung metastasis. In general, lung metastasis is a sign of deterioration (5) . The prognosis is extremely poor owing to the lack of effective treatment methods. Therefore, innovative approaches that target invasion and metastasis, particularly to the lung, from the primary osteosarcoma site are urgently required. Until now, the molecular mechanisms of invasion and metastasis in osteosarcoma have remained unclear. Therefore, clarification of the molecular mechanisms of the pathogenesis and biology of metastatic osteosarcoma is a critical factor for improving the curative effect and identifying potential therapeutic targets.
Tumor invasion and metastasis are complicated processes, involving the activities of tumor cells and host cells, which are regulated by multiple tumor-related genes (6, 7) . One of the most significant steps in the invasion and metastasis cascade involves the destruction of the extracellular matrix (ECM) and basement membranes, allowing tumor cells to invade into and grow at sites distant from the original tumor site (8) (9) (10) . The interaction between ECM proteins (including collagen and fibronectin) and tumor cell surface receptors is a critical initial step in the invasion and metastasis process (11, 12) . Tumor cells are able to express ECM-degrading enzymes, including matrix metalloproteinases (MMPs). MMPs have been demonstrated to play a key role in permitting cancer cells to invade through the ECM and form metastatic lesions. The protein expression levels of MMPs in certain tumors are considered as an index of tumor invasion and metastatic potential (13) (14) (15) (16) . Therefore, the control of MMP activity and adhesion to ECM components may prevent invasion and metastasis development. MMPs are a family of highly homologous protein-degrading zinc-dependent enzymes endopeptidases, among which MMP-2 and -9 are notably correlated with tumor invasion and metastasis (17, 18) . A number of studies have demonstrated that MMP-2 and -9 are overexpressed in osteosarcoma, and promote osteosarcoma cell migration and invasion by degrading components of the ECM and basement membranes (19) (20) (21) . A large number of studies reveal that the nuclear factor-κB (NF-κB) gene is an upstream regulator of MMPs, and is closely associated with tumor invasion and migration (22, 23) . In addition, the phosphatidylinositol 3-kinase (PI3K)/Akt pathway is considered to be a significant regulatory factor in NF-κB activation. Notably, activation of Akt has been revealed to be critical for degradation of the inhibitor of NF-κB and κB (IκB) (24, 25) . Therefore, the PI3K/Akt/NF-κB signaling pathway may be a treatment target to suppress osteosarcoma cell invasion and migration.
Traditional Chinese medicine, a significant component of complementary and alternative medicine, may serve as a useful model for scientific inquiry since it has a standardized system of diagnostics and therapies, and is used worldwide. Celastrol is a triterpene extracted from the Chinese 'Thunder God Vine', which inhibits cancer cell growth and induces apoptosis in a number of cancer cell lines (26) (27) (28) (29) . In our previous studies, we demonstrated that Celastrol could induce apoptosis of human osteosarcoma cells via the mitochondrial-dependent pathway. In the present study, we identified that Celastrol could suppress osteosarcoma U-2OS cell metastasis via downregulation of the PI3K/Akt/NF-κB signaling pathway in vitro.
Materials and methods

Materials and reagents.
Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), dimethyl sulphoxide (DMSO) and trypsin were purchased from Transgen (Beijing, China). Phosphate-buffered saline (PBS) was obtained from Solarbio (Beijing, China). Phosphatase inhibitor cocktail was purchased from Roche (Penzberg, Germany). Antibodies against phosphorylated PI3K, Akt, inhibitor of κB kinase (IKK)α/β, inhibitor of κB α (IκBα), nuclear factor-κB (NF-κB subunit p65) and β-actin were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA), and antibodies against MMP-2 and -9 were purchased from Abcam (Cambridge, UK). Horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Cell Signaling Technology, Inc. and ZSGB-BIO (Beijing, China). Matrigel was purchased from Becton-Dickinson (San Jose, CA, USA). The Transwell invasion chamber was purchased from Costar (Cambridge, MA, USA). Celastrol was obtained from Nanjing ZeLang Medical Technology Co., Ltd. (Nanjing, China). Stock solutions of Celastrol were prepared by dissolving the Celastrol powder in DMSO to a concentration of 1 M, and stored at -20˚C. The working concentrations of Celastrol were made by diluting the stock solution with the culture medium. The final concentration of DMSO in the medium was <0.5%.
Cell culture. Human osteosarcoma U-2OS cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were grown in culture medium consisting of DMEM supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin. They were all placed in a humidified atmosphere containing 5% CO 2 at 37˚C. The cells used in this study were subjected to less than 20 cell passages, and all cells used in this study were in the logarithmic phase. The present study was approved by the Ethical Review Committee of The First Affiliated Hospital of Nanchang University Medical School (Nanchang, China).
Boyden chamber Transwell assays. Invasion of U-2OS cells was determined using Matrigel-coated Transwell cell culture chambers (8 µm pore size). Briefly, cells were cultured for 24 h in DMEM, then collected and resuspended in serum-free medium. Isolated cells (1x10 4 cells/well) were then added to the upper chamber of the Transwell insert and treated with Celastrol (0, 2.5 and 4 µM), and the lower wells were filled with complete growth medium. All samples were incubated for 48 h at 37˚C in a humidified atmosphere with 95% air and 5% CO 2 . Non-invading cells on the upper surface of the membranes were removed using a cotton swab, and invading cells on the lower surface of the membranes were fixed and counted under a phase-contrast microscope in three random fields (magnification, x200).
Wound healing assays. Migration of U-2OS cells was measured using wound healing assays. U-2OS cells (1x10 5 cells/well) were seeded in a six-well culture plate to form a confluent monolayer, and then cells were wounded with a sterile 200-µl pipette tip. All cells in the plates were treated with Celastrol at final concentrations of 0, 2.5 and 4 µM, and then incubated in fresh DMEM with 1% FBS for 48 h. Scratch wounds were then inspected using a phase-contrast microscope and images of each wound were captured.
Western blot analysis. U-2OS cells were seeded in six-well plates at a concentration of 2x10 5 cells/well. Following treatment with 0, 2.5 and 4 µM Celastrol for 48 h, cells were collected and lysed in RIPA buffer containing phenylmethane sulfonyl fluoride and phosphatase inhibitor cocktail. Each sample was centrifuged at 12,000 rpm for 10 min at 4˚C to remove cell debris and to collect the supernatant for immunoblotting. Protein concentrations were calculated using bovine serum albumin as the standard. The same amounts of proteins were loaded and separated by electrophoresis on 12% sodium dodecyl sulphate-polyacrylamide gels under a reducing condition using 100 V for 2 h. Following electrophoresis, the proteins were transferred to polyvinylidene fluoride (PVDF) membranes in a tris-glycine transfer buffer using a semi-dry blotting system, and incubated with antibodies against phosphorylated PI3K, Akt, IKKα/β, IκBα, NF-κB subunit p65, MMP-2, MMP-9 and β-actin (1:1,000) overnight at 4˚C. After washing the membranes in TBST three times, secondary HRP-conjugated antibodies were added at a 1:2000 dilution for 1 h at room temperature and the membranes were washed again in Tris-buffered saline and Tween-20 three times. Immunoreactive proteins were detected by enhanced chemiluminescence (ECL kit, Transgen, China) and exposed to X-ray film.
Statistical analysis. Each experiment was performed at least three times independently, and the quantitative data were expressed as the means ± standard deviation. Data were analyzed using the SPSS package for Windows (version 17.0; SPSS, Inc., Chicago, IL, USA). Statistical analysis of the data was performed using Student's t-test and analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results
Celastrol inhibits cell migration and invasion in U-2OS
cells. The effect of Celastrol on the migration and invasion of osteosarcoma U-2OS cells was measured by wound healing assays and Boyden chamber Transwell assays, respectively. U-2OS osteosarcoma cell lines were treated with Celastrol (0, 2.5 and 4 µM) for 48 h. As shown in Fig. 1A and C, Celastrol inhibited the migration of U-2OS cells in a dose-dependent manner. In the Boyden chamber Transwell assays, Celastrol significantly reduced the invasion ability of U-2OS cells in a dose-dependent manner (Fig. 1B and D) .
Celastrol decreases the expression of MMP-2 and MMP-9.
It is well known that osteosarcoma cells produce MMPs to facilitate cell invasion and migration, among which MMP-2 and -9 play the most significant roles. We determined whether Celastrol could inhibit the expression of MMP-2 and -9 in U-2OS cells. As shown in Fig. 2 , the results of western blot analysis revealed that Celastrol treatment caused a marked increase in MMP-2 and MMP-9 when compared with these levels in the control. This indicates that Celastrol inhibited cell migration and invasion in U-2OS cells by downregulating the expression of MMP-2 and -9.
Effect of celastrol inhibition on PI3K/Akt/NF-κB signaling pathway. The effects of Celastrol on the levels of proteins associated with migration and invasion in U-2OS cells were examined using western blot analysis. The expression of phosphorylated PI3K, Akt, IKKα/β, IκBα and NF-κB subunit p65 was significantly decreased following Celastrol treatment when compared with these levels in the control (Figs. 3 and 4) . This indicates that Celastrol downregulates the expression of MMP-2 and -9 and inhibits cell migration and invasion by inhibiting the PI3K/Akt/NF-κB signaling pathway in U-2OS cells.
Discussion
Osteosarcoma is the most common primary bone malignancy, particularly among children and adolescents, with an incidence of four to five cases per million (30, 31) . The symptoms of osteosarcoma are chronic bone pain and swelling in the leg or arm. The current therapeutic strategies for osteosarcoma include wide tumor excision, radiotherapy and neoadjuvant chemotherapy, all of which have notably improved the prognosis of patients with osteosarcoma (32-34). However, osteosarcoma has a high tendency for local aggression and to metastasize to the lung and distant bones, which is a common cause of mortality (35, 36) . Therefore, it is an urgent requirement to identify molecular mechanisms of invasion and metastasis in osteosarcoma, and to develop an effective adjuvant therapy to prevent osteosarcoma metastasis.
The interaction of cancer cells with the ECM is essential for metastasis, and this is performed through a series of steps including cell attachment, invasion and migration. These steps are regulated by an extremely complex molecular mechanism (37) . The PI3K/Akt pathway is considered to be one of the most significant oncogenic pathways in human cancer. An increasing body of evidence has suggested that this pathway is frequently activated in osteosarcoma and contributes to disease development, including proliferation, invasion and migration (38, 39) . A number of studies indicate that the inhibition of this pathway could downregulate the expression of NF-κB, which is an upstream regulator of MMPs. Therefore, inhibition of this pathway could decrease the expressions of MMPs (22) (23) (24) (25) . It is well known that MMPs, which destroy the ECM and basement membranes, play a vital role in osteosarcoma invasion and metastasis. Therefore, we may infer that the PI3K/Akt/NF-κB signaling pathway may be a treatment target to suppress osteosarcoma cell invasion and migration.
Celastrol, a triterpene, is an active component extracted from the traditional Chinese medicine 'Thunder God Vine', and has been used in the treatment of autoimmune and neurodegenerative diseases (40) (41) (42) . Celastrol has previously attracted great attention due to its significant anticancer activity in vitro and in vivo, including the induction of apoptosis in a number of cancer cell lines (26) (27) (28) (29) . In our previous studies, we demonstrated that Celastrol could induce apoptosis of human osteosarcoma cells via the mitochondrial-dependent pathway (43) . However, the effects of Celastrol on the migration and invasion of human osteosarcoma are still to be elucidated. In previous studies, the IC50 value for U-2OS cells treated with Celastrol was 2.5 µM at 48 h in the MTT assay (43) . Therefore, U-2OS cells were treated with Celastrol at concentrations of 0, 2.5 and 4 µM for 48 h in the present study.
In the present study, cell migration and invasion were assessed by wound healing and Boyden chamber Transwell assays. The results revealed that the migratory and invasive capabilities were inhibited by Celastrol. These results indicate that Celastrol may be an effective agent for chemotherapy in the treatment of osteosarcoma. Furthermore, protein expression levels of phosphorylated PI3K, Akt, IKKα/β, IκBα, NF-κB subunit p65 and MMP-2 and -9 were assessed by western blot analysis. The results revealed that the PI3K/Akt/NF-κB signaling pathway was inhibited following Celastrol treatment. In addition, the expression levels of MMP-2 and -9 proteins were also markedly reduced following Celastrol treatment.
Taken together, our findings suggest that Celastrol could suppress osteosarcoma cell migration and invasion via downregulation of the PI3K/Akt/NF-κB signaling pathway in vitro, and that Celastrol may be an effective chemotherapeutic agent for osteosarcoma. In addition, further experiments on the in vivo effect of Celastrol on U-2OS xenograft tumors in nude mice are in progress. 
